



















imaging	 (MRI).	 We	 have	 developed	 a	 new	 highly	 efficient	 one-step	 procedure	 for	 the	
synthesis	 of	 magnetically-functionalised	 hollow	 carbon	 nanofibres,	 where	 (i)	 the	 carbon	
nanofibres	act	as	both	a	template	and	a	support	for	the	nucleation	and	growth	of	magnetite	
nanoparticles	 and	 (ii)	 the	 structural	 (size,	 dispersity	 and	 morphology)	 and	 functional	
(magnetisation	 and	 coercivity)	 properties	 of	 the	 magnetic	 nanoparticles	 formed	 on	








preparation	 and	 evaluation	 of	 this	 unique	 hybrid	 nanomaterial	 represents	 a	 critical	 step	
towards	the	realisation	of	a	highly	efficient	“smart”	MRI	theranostic	agent	–	a	material	that	
allows	 for	 the	 combined	 diagnosis	 (with	 MRI),	 treatment	 (with	 magnetic	 targeting)	 and	
follow-up	of	a	disease	(with	MRI)	–	currently	in	high	demand	for	various	clinical	applications,	
including	personalised	nanomedicine.	























Unlike	 CNTs,	which	 require	 opening	 and	have	 an	 internal	 diameter	 of	 a	 few	nanometres,	
graphitised	 nanofibres	 are	 always	 open	 and	 have	 comparatively	 large	 accessible	 internal	
volumes,	often	more	than	50	nm	in	diameter,	allowing	for	the	rapid,	uninhibited	diffusion	of	
molecules	 and	 nanoparticles	 into	 the	 nanofibres.	 These	 distinguishing	 properties	 of	 GNFs	














Fe3O4	 nanoparticles.	We	 show	 that	 reaction	 conditions,	 such	 as	 the	 ratio	 of	 GNF	 to	 iron	
precursor	 and	 the	 solvent	 system	 employed,	 have	 a	 significant	 effect	 on	 the	 size	 and	
morphology	of	Fe3O4	in	the	afforded	GNF	hybrids.	Moreover,	we	observe	that	materials	with	






















a	 SDT	 Q600	 Analyser	 under	 flowing	 air	 at	 a	 rate	 of	 10	 °C	 min-1	 up	 to	 800	 °C.	 Raman	





performed	 using	 PPMS-9	 (Physical	 Property	 Measurement	 System,	 EverCool	 II,	 Quantum	























were	 separated	 by	 decantation.	 The	 supernatant	 was	 discarded	 and	 the	 precipitate	 re-
dispersed	in	the	same	volume	of	deionised	water	and	centrifuged	again.	This	procedure	was	
repeated	three	times	to	yield	a	stable	dispersion	of	Fe3O4/GNF:Pluronic	in	deionised	water.	








Germany).	 A	 30	mm	micro-imaging	 1H	 coil	 was	 used	 in	 all	 experiments.	 Standard	MSME	
(Multi-Slice	Multi-Echo)	imaging	protocol	was	used	for	simultaneous	spatial	mapping	of	either	











0.234	mm2.	 Data	 were	 zero	 filled	 to	 256x256	 before	 image	 reconstruction.	 Images	 were	
reconstructed	 using	 Prospa	 3.1	 (Magritek,	 New	 Zealand).	 T1	 and	 T2	 data	 analysis	 was	
performed	using	IgorPro	6.1	(Wavemetrics,	USA).	T1	and	T2	time	constants	were	determined	
in	 each	 phantom	 using	 pixel	 by	 pixel	 linear	 fitting	 after	 transforming	 the	 data	 into	 semi-
logarithmic	 scale	 as	 mono-exponential	 proton	 relaxation	 behaviour	 was	 assumed.	










In	 a	 typical	 experiment,	 the	 metal	 complex	 was	 dissolved	 in	 water	 or	 a	 mixture	 of	
water/ethanol	 (3/1	 v/v),	GNFs	were	 then	 immersed	 in	 the	 precursor	 solutions	 and	mixed	
under	ultrasonic	agitation	to	ensure	efficient	mixing,	followed	by	evaporation	of	the	solvent	
to	enhance	the	extent	of	adsorption	of	the	precursor	on	the		surfaces	of	GNFs.	The	GNFs	and	






















modes	 in	 graphitic	 carbon	 structures	 respectively).34	 (d)	 A	 representative	 TEM	 micrograph	 of	















Analysis	 of	 multiple	 micrographs	 revealed	 that	 a	 greater	 proportion	 of	 the	 Fe3O4	
nanoparticles	 formed	 by	 the	 water/ethanol	 method	 appeared	 to	 reside	 on	 the	 external	
surface	of	the	GNFs	in	comparison	to	the	water	method,	where	the	number	of	nanoparticles	
confined	within	the	inner	channel	was	higher.	Since	the	surfaces	of	GNFs	are	hydrophobic,	









and	94	emu/g	 respectively)	 and	a	 comparable	 coercivity	 (Hc	 =	64	and	31	Oe	 respectively)	
relative	to	Fe3O4NP/GNF	prepared	using	water/ethanol	(Table	1).	The	observed	differences	
in	magnetic	behaviour	can	be	readily	explained	by	the	distinct	structural	properties	of	the	
hybrid	materials.	 In	Fe3O4NP/GNF-1:1w,	 the	mean	diameter	of	nanoparticles	 is	11	±	4	nm	
(above	the	critical	diameter	for	magnetite	to	exist	 in	a	superparamagnetic	state	of	dsp	≲	9	
nm)35	and	the	density	of	the	nanoparticles	on	GNF	is	low	(only	140	per	1	µm	of	GNF	length).	







their	 distribution	 along	 the	 GNF	 and	 relative	 positions	 with	 respect	 to	 each	 other.	More	
widely	distributed	and	slightly	larger	nanoparticles	are	expected	to	have	a	larger	surface	of	
interaction	with	surrounding	water	molecules	in	MRI	experiments,	which	should	yield	better	







Figure	 4.	 HR-TEM	 micrographs	 of	 Fe3O4NP/GNF	 prepared	 using	 three	 different	 mass	 ratios	 of	
Fe(acac)3:GNF:	(a)	Fe3O4NP/GNF-2:1w,	where	dNP	=	8	±	1	nm;	(b)	Fe3O4NP/GNF-1:1w,	where	dNP	=	11	
±	 4	 nm	 and	 (c)	 Fe3O4NP/GNF-1:2w,	 where	 dNP	 =	 14	 ±	 3	 nm,	 using	 water	 as	 the	 solvent.	 The	
corresponding	particle	size	distributions	are	displayed	in	(d),	(e)	and	(f)	respectively.	
	


















Fe3O4NP/GNF-1:2w	 1:2	 water	 14	±	3	 310	 99	 173	
Fe3O4NP/GNF-1:1w	 1:1	 water	 11	±	4	 140	 51	 64	
Fe3O4NP/GNF-2:1w	 2:1	 water	 8	±	1	 >1000	 83	 82	
Fe3O4NP/GNF-1:1ew	 1:1	 ethanol	/	
water	
14	±	3	 370	 94	 51	
	
Most	significantly,	Fe3O4NP/GNF	prepared	in	a	1:2	mass	ratio	has	nanoparticles	that	are	well	
dispersed	 (Figure	4c)	due	 to	 the	 large	surface	of	 the	GNF.	Furthermore,	evaluation	of	 the	
magnetic	 properties	 of	 these	 materials	 yielded	 key	 insight	 into	 the	 structure-property	
relationships	of	nanoscale	magnetic	materials.	 For	example,	 Fe3O4NP/GNF-2:1w	possesses	




interactions	 between	 them,	 which	 can	 be	 further	 enhanced	 by	 very	 effective	 dispersion	
11	
	
interactions	 between	 Fe3O4NP	 and	 GNF	 leading	 to	 an	 increase	 of	 the	 surface	 magnetic	






















ratio	 is	 the	 highest.	 To	 determine	 the	 r2/r1	 ratio	 in	 the	 presence	 of	 Fe3O4NP/GNF,	 the	











different	 concentrations	 of	 Fe3O4NP/GNF-1:2w:Pluronic	 F-127	 at	 two	 recovery	 delay	 times.	 Please	
note	that	the	recovery	at	10s	is	independent	of	the	Fe	ion	content	in	each	tube.		The	Fe	ion	content	in	
each	tube	is	shown	in	the	inset;	(c)	T1	relaxation	map	demonstrating	the	limited	dependence	of	the	
longitudinal	 relaxation	 on	 the	 Fe	 ion	 content	 in	 phantoms;	 (d)	 -	 (e)	 spin	 echo	 images	 of	 water	
phantoms	with	the	same	Fe	ion	content	as	in	(a)	-	(c);	(f)	corresponding	T2	map	obtained	using	T2	data	















analysed	 the	 dependence	 of	 the	 relaxation	 rates	 r1	 (=1/T1)	 and	 r2	 (=1/T2)	 on	 the	 iron	 ion	









the	 further	 development	 of	 “smart”	 theranostic	 agents,	 like	 the	 one	 proposed	 here,	 the	
potential	mechanism	for	personalised	nanomedicine		could	be	more	efficiently	explored	in	










of	 Fe(III)	 acetylacetonate	 to	 GNF,	 prepared	 using	water	 as	 the	 solvent,	 showed	 excellent	
properties	 as	 an	MRI	 contrast	 agent,	 outperforming	 commercially	 available	materials	 and	
literature	 analogues.	Whilst	 the	 issue	 of	 biocompatibility	 of	 carbon	 nanotubes	 and	 their	
composites	 with	 magnetite	 nanoparticles	 still	 needs	 further	 assessment,44-48	 current	
literature	 studies	 suggest	 that	 analogous	 materials	 have	 limited	 toxicity	 to	 healthy	 and	
malignant	cells	and	can	be	injected	at	a	concentration	of	2.5	mg	of	iron	per	kg	of	body	weight	
without	any	apparent	harm	to	health.49,50	Furthermore,	the	recent	application	of	magnetic	
materials	 in	 CNTs	 for	 cell	 shepherding	 and	 magnetic	 fluid	 hyperthermia	 treatment51	
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